Abstract Genes of the major histocompatibility complex (MHC) mainly code for proteins of the immune system of jawed vertebrates. In particular, MHC class I and II cell surface proteins are crucial for the self/non-self discrimination of the adaptive immune system and are the most polymorphic genes in vertebrates. Positive selection, gene duplications and pseudogenes shape the face of the MHC and reflect a highly dynamic evolution. Here, we present for the first time data of the highly polymorphic MHC class II DRB exon 2 of a representative of the mammalian order scandentia, the northern tree shrew Tupaia belangeri. We found up to eight different alleles per individual and determined haplotype constitution by intensively studying their inheritance. The alleles were assigned to four putative loci, all of which were polymorphic. Only the most polymorphic locus was subject to positive selection within the antigen binding sites and only alleles of this locus were transcribed.
Introduction
The major histocompatibility complex of vertebrates contains over 100 genes predominantly expressing immunerelated proteins (The MHC sequencing consortium 1999; Kelley et al. 2005) . In particular, the so-called classical MHC genes (class I and II genes) code for proteins that bind and present peptides on the surface of cells. T-cells recognise the combined structure of MHC protein and peptide, which finally triggers the adaptive immune response (Germain 1994) .
The central role of classical MHC genes is supposed to be part of an evolutionary arms race between vertebrate hosts and their parasites, where parasites escape the recognition of their hosts' MHC genes. In turn the MHC repertoire of the hosts shifts due to natural and sexual selection (Apanius et al. 1997; Wegner et al. 2004 ). The highly polymorphic nature of MHC class I and II genes usually observed in wild populations is well explained by balancing selection (Apanius et al. 1997; Borghans et al. 2004 ; but see Stoffels and Spencer 2008; van Oosterhout 2009) . This is acting through (1) an advantage for heterozygous individuals (overdominance) due to their wider antigen recognition spectrum (Doherty and Zinkernagel 1975) , and (2) advantage to carriers of rare alleles because the adaptation of parasites will preferably target common alleles (Nei and Hughes 1991) . Despite this diversifying selection, single alleles reveal a long natural history and survive even speciation events (trans-species polymorphism, Hughes and Yeager 1998) . Furthermore, MHC diversity is increased by the duplication of loci (Parham and Ohta 1996) and recombination (Yeager and Hughes 1999) .
However, MHC diversity within a single individual is finite, unlike antibody or T-cell receptor diversity. Thus, a too diverse MHC constitution could be detrimental due to an increased susceptibility to autoimmune reactions or increased negative thymic selection of T-cell clones (Nowak et al. 1992 ; but see Borghans et al. 2003) . Hence, ongoing evolution with gene duplication might result in a loss of function of abundant genes in a birth and death process (Nei and Rooney 2005) .
The role of MHC genes in host-parasite interaction and their highly polymorphic nature makes them interesting candidates for testing disease associations (e.g. Hill et al. 1997 ; Kettaneh et al. 2006; Westerdahl 2007) or hypotheses of sexual reproduction and mating strategies (Bernatchez and Landry 2003; Lampert et al. 2009 ). Therefore, MHC diversity has been examined in many vertebrate species. MHC diversity in mammals has been studied predominantly in primates and rodents focussing on the highly polymorphic MHC class II exon 2. But comparable data is still lacking from scandentia (tree shrews) and dermoptera (colugos), representing the closest living relatives of primates (Murphy et al. 2001; Janecka et al. 2007) .
In the present study, we describe for the first time MHC DRB exon 2 diversity in a representative species of the order scandentia: the northern tree shrew (Tupaia belangeri). The squirrel-like scandentia (tree shrews) are exclusive to SouthEast Asia and contain two families: the ptilocercidae with only one species and the tupaiidae with 19 species (Olson et al. 2005) , all of which are diurnal and omnivorous (Emmons 2000) . The species of the genus Tupaia live in facultative monogamous social systems (Kawamichi and Kawamichi 1979; Emmons 2000; Oommen and Shanker 2008) . The phylogenetic position of tree shrews was debated for many decades (Sargis 2004) . Recent studies place them in a distinct order within the euarchontoglires (rodents, lagomorphs, primates, dermoptera, scandentia, Murphy et al. 2001 ), but their exact position is still unclear (see e.g. Murphy et al. 2001; Bininda-Emonds et al. 2007; Janecka et al. 2007 ).
We examined MHC class II DRB variation, haplotypic constitution of the DRB-region and gene transcription of individuals from a captive population with well-known genealogical structure.
Material and methods

Study animals
The tree shrews (T. belangeri) originated from a breeding stock of the department of Animal Physiology at the University of Bayreuth and represent the up to 15th generation in captivity. The founders of the population were animals trapped at different sites in Thailand. Individuals were kept separately or as pairs, so that the ancestry of every individual was known. In total 230 tree shrews were genotyped for MHC DRB exon 2, whereas inheritance of most alleles was tracked over two or more generations.
Major histocompatibility complex genotyping
We extracted DNA using DNeasy Tissue Kit (Qiagen, Hilden) following the instructor's manual from tissue samples taken from the ear. We conducted polymerase chain reaction (PCR) using two primer systems: (1) Primer pair JS1 (GAG TGT CAT TTC TAC AAC GGG ACG) and JS2 (GAT CCC GTA GTT GTG TCT GCA; Schad et al. 2004 ). These amplify a 171 bp fragment of the MHC class II DRB exon 2 containing most of the polymorphic peptide binding region. JS1/JS2 were originally designed based on prosimian sequences, but also perform successfully in rodents (Babik et al. 2005; Harf and Sommer 2005) and lagomorphs (Oppelt et al. 2010) . The primer pair GH46 (CCG GAT CCT TCG TGT CCC CAC AGC ACG) and GH50 (CTC CCC AAC CCC GTA GTT GTG TCT GCA; Erlich and Bugawan 1990) target all DRB genes of the human MHC, but amplify only a subset in T. belangeri. We accomplished PCR in 20 μl reaction volumes with 1 μl DNA, 1.5 mM MgCl 2 , 0.28 μM of each primer (MWG Biotech, Ebersberg), 140 μM of each dNTP (Roth, Karlsruhe) and 0.5 U polymerase (Biotherm Polymerase, Genecraft, Köln). Cycling conditions for primer system JS1/JS2 were: 5 min at 94°C, 30 cycles of 1 min at 94°C, 1 min at 55°C, 1 min at 72°C and a final elongation step of 7 min at 72°C. Cycling conditions for primer system GH46/ GH50 were: 5 min at 94°C, 35 cycles of 1 min at 94°C, 1 min at 61°C, 1 min at 72°C and a final elongation of 7 min at 72°C.
For DRB genotyping we conducted a combined single strand conformation polymorphism/heteroduplex analysis (SSCP/HD; according to Fain et al. 2001) . We mixed 5 μl of each PCR product with an equal volume of 95% formamide, denatured for 5 min at 96°C and immediately chilled on ice water for 10 min. The mixture was loaded on a 9% nondenaturing polyacrylamide gel (37.5:1). Electrophoresis was carried out at 10°C for 3 h with 8 W per gel. Under these conditions, denatured DNA forms double-stranded heteroduplices (HD) and single-stranded conformations (SSCP). Both are sequence dependent and thus allow discriminating different genotypes. Electrophoresis was followed by a sensitive silver-staining protocol (Budowle et al. 1991) . Samples with equal banding patterns were rearranged and run again on a non-denaturing PAGE on adjacent lanes to ensure the genotyping. Individuals with unique genotypes were typed using two independent PCR reactions. If possible, we cut all SSCP-bands from at least two individuals of each genotype and incubated them in 80 μl water for at least 3 h at 37°C. One microlitre was used as template in another PCR under the conditions described above. We screened the products in an additional SSCP analysis and every allele was sequenced in both directions (Seqlab, Göttingen) from at least two individuals or two independent PCRs from one individual.
Haplotype inference
A haplotype is defined as the set of allelic variants that are inherited as a unit. The close proximity of DRB loci in mammals leads to an inheritance in linkage groups. This makes direct observation of recombination very improbable, but simplifies the identification of haplotypes. According to Mendelian rules, the two parental genotypes form up to four different genotypes in the progeny. Those alleles, which segregate as units from the parents to the offspring can therefore be identified as haplotypes. Most haplotypes could be inferred in this way. Anyway, some individuals from earlier generations possessed unique genotypes, but we lacked genetic samples from direct kin.
Transcription analysis
In order to investigate allele specific transcription, we analysed DRB sequences on the cDNA level of 8 tree shrews with already known genotype. Animals were sacrificed, spleen tissue removed and stored in RNAlater (Qiagen) until analysis. We extracted RNA (total RNA kit, Peqlab) and removed genomic DNA by incubation of 1 μl of RNA solution with 1 U DNAse (Fermentas) in 10 μl volumes for 30 min at 37°C. We performed a cDNA synthesis with reverse transcriptase and oligo(dT)18-primer (first strand cDNA synthesis kit, Fermentas) in 20 μl reaction volumes with incubation at 55°C for 45 min and inactivation at 70°C for 15 min. We used the obtained cDNA as a template for PCR with the primer system JS1/JS2 under the conditions described above. DNAse digested RNA solutions served as negative controls to ensure the full elimination of genomic DNA. The amplicons of cDNA were loaded on a nondenaturing gel for SSCP/HD analysis; bands were cut out, reamplified and sequenced. The procedure was not applicable with primer pair GH46/GH50, because the forward primer GH46 spans the intron/exon border.
Sequence analysis procedure and statistical analyses
Sequences were aligned manually with Bioedit 7.09 (Hall 1999) . We truncated longer fragments obtained by the primer system GH46/GH50, to fit the 171 bp fragment of primer system JS1/JS2 and conducted a Blast (megablast) search (Altschul et al. 1990 ) to find the most homologous sequences available.
We constructed a neighbour joining tree in Mega 4.1 (Tamura et al. 2007 ) with 5,000 bootstraps to identify clusters potentially representing loci. Due to sequence similarity of some Tube-DRB alleles with class II sequences of laurasiatheria, we chose an afrotherian class II allele as outgroup (whole genome shotgun sequence from African elephant Loxodonta africana; accession number: AAGU03092621). The proportion of synonymous (dS) and non-synonymous (dN) substitutions was calculated for the 15 putative antigen binding sites defined by Brown et al. (1993) and the remaining non-antigen binding sites. We used the Z-Test implemented in Mega 4.1 to test for directed selection. This was done for all sequences in a combined analysis and for each of the four putative loci.
We tested gene conversion using Genecov 1.81 (Sawyer 1999 ) including all 29 alleles. Since DRB1 and DRB2 sequences form a cluster in a neighbour joining tree ( Fig. 2 , cluster I), we analysed for possible breakpoints within the alleles of these two putative loci. This was done with the computer programme GARD (Kosakovsky Pond et al. 2006) provided in the datamonkey web server (Kosakovsky Pond and Frost 2005) .
Results
MHC variability
In 230 tree shrews typed for MHC DRB exon 2 with two primer systems we identified 29 alleles (Fig. 1) , named according to the nomenclature of Klein et al. (1990) TubeDRB*01 to TubeDRB*29 (Accession numbers GU825729-GU825757). Each primer system amplified a subset of the total alleles with a certain overlap of alleles that were achieved with both primer systems. The majority of alleles were obtained by the primer system JS1/JS2. Only three alleles were exclusively amplified by GH46/ GH50 (*23, *25 and *27). An extensive Blast search with all identified sequences affirmed the homology to DRB sequences. Tube-DRB1 sequences were most homologous to primate DRB sequences, while Tube-DRB2, DRB3 and DRB4 alleles were homologous to primate and rodent DRB sequences as well as class II genes of some laurasiatheria (mainly ruminant DRB and cetacean DQB, Table 2 , Electronic supplementary material). The pair wise distance between all Tube-DRB alleles ranged between 1 and 48 of the 171 bp (mean, 29.05 bp±2.73 SE; bootstrap with 500 iterations). One allele (TubeDRB*21) had a triplet deletion on the last position, so that the amplicon was only 168 bp in length. TubeDRB*27 had a stop codon within the sequence; 88 of the 171 positions were polymorphic.
Inheritance of alleles and haplotype composition
Individual tree shrews possessed between two and eight different alleles, indicating multiple gene duplications. The constitution of haplotypes was inferred under consideration of pedigrees and the inheritance of DRB alleles (Fig. 3) . Between one and four alleles were found to be inherited as a unit. Two of those units had the maximum number of four alleles, representing four hypothetical loci, named DRB1 to DRB4. The locus assignment of all 29 alleles was done based on phylogenetic clustering with the alleles of those two haplotypes. In total we detected 14 different haplotypes (Fig. 4) . The haplotypes #12 and #14 could not be genotyped completely on the sequence level, because the SSCP banding patterns were too complex in the respective tree shrews. These haplotypes appeared only in few studied animals and we did not have DNA from related individuals to obtain these haplotypes in different genotypic combinations.
Positive selection
Functional MHC genes show signs of positive selection on antigen binding sites (e.g. Axtner and Sommer 2007; Hauswaldt et al. 2007; Archie et al. 2010) . We analysed the ratio of non-synonymous to synonymous substitutions in antigen binding sites (ABS) and non-antigen binding sites (non-ABS) according to Brown et al. (1993) using all alleles and alleles of the four putative loci separately. We found significant signs of positive selection with a dN/dS ratio of 4.13 only in the ABS of putative DRB1 alleles (Z test, p< 0.05) and within all alleles with a dN/dS ratio of 2.04 (p<0.01, Table 1 ). DRB1 is the most polymorphic locus and a representing allele was found in every individual. In contrast, overall non-ABS were subject to purifying selection (Table 1) .
Transcription
Eight tree shrews with known MHC DRB genotypes were investigated for transcription of alleles. These animals covered the haplotypes #2, #3, #4, #5, #6, #8, #9 and #10 (see Fig. 4 ). All alleles that were found to be transcribed in these eight tree shrews belonged to the putative locus DRB1. All DRB2 and DRB3 alleles present on the respective haplotypes were not transcribed (Fig. 2) . DRB4 transcription could not be tested because the respective alleles only were amplified by the primer system GH46/GH50, which is partly intronic. But at least one of the three DRB4 alleles represents a pseudoallele comprising a stop codon. 
Recombination
The constitution of haplotypes reveals that the alleles DRB*03, *04 and *13 appear each on two different haplotypes, indicating interlocus recombination in the past. Furthermore, analysis of gene conversion revealed a recombination between TubeDRB*18 and TubeDRB*21. Finally, we identified a significant breakpoint at position 104 within the DRB1 and DRB2 sequences.
Discussion
In the present study we characterised MHC class II DRB genes of a representative of the order scandentia, the tree shrew T. belangeri. We found 14 haplotypes with up to four copies of DRB genes but only one of them was transcribed. This locus was the most polymorphic and proved to be under strong positive selection within the peptide binding region. (17) Haplotype #9 (9) Haplotype #10 (9) Haplotype #11 (6) Fig. 4 Constitution of 14 DRB haplotypes in the northern tree shrew mostly inferred from linked inheritance. The numbers in brackets give the number of haplotypes found in the breeding stock. Haplotypes #12 and #14 could not be sequenced completely due to SSCP banding pattern complexity and low frequency. Therefore, the position of a box with a question mark symbol is determined by similarity of partial sequences to other tree shrew DRB alleles 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 7 8 9 10 11 12 7 8 9 10 11 12 7 8 9 10 11 12 7 8 9 10 11 12 7 8 9 10 11 12 7 8 9 10 11 12   13 14 15 16 17 18  13 14 15 16 17 18  13 14 15 16 17 18  13 14 15 16 17 18  13 14 15 16 17 18  13 14 15 16 17 18   19 20 21 22 23 24  19 20 21 22 23 24  19 20 21 22 23 24  19 20 21 22 23 24  19 20 21 22 23 24  19 20 21 22 23 24   25 26 27 28 29  25 26 27 28 29  25 26 27 28 29  25 26 27 28 29  25 26 27 28 29  25 26 27 28 29 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 7 8 9 10 11 12 7 8 9 10 11 12 7 8 9 10 11 12 7 8 9 10 11 12 7 8 9 10 11 12 7 8 9 10 11 12 genes may have failed to be amplified by the primer systems used. Thus, some species that are studied in more detail also show more loci (e.g. European rabbit, Sittisombut et al. 1989; humans, Trowsdale 1995; sheep, Dukkipati et al. 2006) .
Also the different number of genes on the different tree shrew DRB haplotypes may be due to a real copy number variation or primer mismatches leading to null alleles. Although we cannot rule out the latter case, DRB gene copy number variation seems to be common in many fish (Nile tilapia, Malaga-Trillo et al. 1998; threespined stickleback, Sato et al. 1998; Eurasian perch, Michel et al. 2009 ), but also in mammals (e.g. cattle, Ellis and Ballingall 1999; primates, Bontrop 2006; bank vole, Kloch et al. 2010) .
Based on the allelic composition of the haplotypes, we hypothetically assigned individual alleles to the four loci, assuming that alleles of a certain MHC locus tend to form a phylogenetic cluster. In fact this has been observed several times in MHC class II exon 2 (Figueroa et al. 1994; Andersson 1998; Lukas et al. 2004 ). On the other hand, if an allele undergoes duplication, the alleles of the second gene will be closely related to the original allele of the first gene, confusing a strict phylogenetic clustering of the loci.
The topology of tree shrew DRB sequences reveals two clusters (clusters II and III, Fig. 2 ) to be strikingly distant to the majority of alleles. Both cluster II and cluster III alleles perfectly behave like true alleles, i.e. we never found more than one allele per cluster in a haplotype nor more that two in one individual.
In contrast, we found several haplotypes harbouring two alleles out of the highly divergent cluster I, which therefore represents two loci. In those cases, one allele always originated from panel A and the other from panel B (e.g. DRB*14 and *19, Fig. 2 ). This indicates that the panels A and B form distinct loci, although they do not mirror phylogenetic relationships. This could be for at least two reasons: firstly, the alleles found in panel A (DRB*09, *12, *14, *15 and *28) could result from a duplication of an allele closely related to DRB*11, *13 and *19. Therefore, these eight alleles could cluster, although they belong to different loci. Secondly, sequence motives could be mixed up by past asymmetric recombinations between the two loci. In fact we found one putative breakpoint within the alleles of these two loci. A separate analysis of the two fragments revealed different topologies, whilst the neighbour joining tree of the first fragment showed a phylogenetic clustering according to the four previously defined putative loci (Fig. 5, Electronic supplementary  material) . The strongest indication of the locus nature of the panels A and B was provided by the transcription experiment, where we proved eight of 12 panel-B-alleles to be transcribed and three of five panel-A-alleles to be not. The most likely scenario for this observation is that the two panels correspond to two loci (DRB1 and DRB2), of which only one is transcribed. Panel B therefore represents the most diverse and the only transcribed locus (DRB1) in T. belangeri. Although the assignment of alleles to different loci might be most likely, it remains hypothetical.
Functional polymorphism of tree shrew DRB genes Classical MHC genes represent the most polymorphic genes in vertebrates (Apanius et al. 1997) . Antigen binding sites of functional MHC genes underlie positive selection, and therefore show an exceeding rate of non-synonymous over synonymous substitutions (Bernatchez and Landry 2003; Sommer 2005) . Futhermore, MHC polymorphism is also maintained by gene conversion and gene duplication (Yeager and Hughes 1999) . However, exaggerated MHC diversity may have disadvantages for the individual by increasing the possibility of autoimmune reactions or magnifying negative T-cell selection in the thymus (Nowak et al. 1992) . Therefore there might be a selective advantage of a functional loss of abundant DRB loci in a birth and death process (Sawai et al. 2008 Table 1 The ratio of nonsynonymous to synonymous substitutions (dN/dS) at putative antigen binding sites (ABS) according to Brown et al. (1993) and the remaining DRB exon 2 (non-ABS)
The Z-test for directed selection implemented in Mega 4.1 (Tamura et al. 2007 ) was conducted on all 29 alleles together and separately on the alleles of the four putative loci
Our data on tree shrew DRB sequences were in accordance with all of these assumptions. Evidence was given by significant positive selection within the peptide binding region considering all tree shrew DRB sequences (dN/dS=2.04). However, a more detailed exploration of the single putative loci revealed that this effect was due to DRB1 alleles only, showing an even higher dN/dS ratio (>4). In contrast, the other three loci show no signs of directed selection. This result fits well with the transcription pattern. We recovered only DRB1 sequences on the cDNA level. DRB2 and DRB3 sequences were not transcribed and at least one of the three DRB4 sequences appears to be a pseudoallele due to a stop codon.
Since we only obtained partial sequences, it remains possible that the complete genes DRB2 to DRB4 represent pseudogenes, comparable to some DRB loci in humans (Horton et al. 2004 ). On the other hand, DRB2 to DRB4 could potentially be transcribed and expressed at very low levels, thus we were not able to detect transcription. Such low expression levels are e.g. known for the human gene DRB6 (Fernandez-Soria et al. 1998 ), but its functional significance is unknown.
We found only weak support for recombination within tree shrew DRB haplotypes and alleles. E.g. both alleles DRB*03 and DRB*13 together form a haplotype, but also appear in other combinations, indicating interlocus recombination. Gene conversion analysis of all alleles revealed only one internal recombination between two DRB1 alleles. In contrast to other species studied in this context (e.g. deer mouse, Richman et al. 2003 ; three-spined stickleback, Reusch and Langefors 2005; chamois, Schaschl et al. 2005 ; Eurasian perch, Michel et al. 2009 ), recombination might play only a secondary role in tree shrews, but nevertheless contributes to sequence diversity.
Homology of tree shrew DRB alleles
The 29 tree shrew DRB sequences cluster in highly divergent lineages. None of the tree shrew alleles was found in other species, when analysed in a systematic Blast search. Tube-DRB1 sequences were found as most similar to primate DRB sequences, indicating relatively close phylogenetic relationship of the DRB1 locus to primate DRB genes. Instead, the best Blast hits of Tube-DRB2, 3 and 4 alleles were homologous to DRB sequences of primates, rodents, ruminants, carnivores and DQB alleles of whales. Especially DRB3 and DRB4 alleles were generally more distant to class II sequences published in Genbank so far.
DRB genes of primates are thought to share monophyletic ancestry in a single locus; therefore, duplications of primate DRB genes have been emerged after the separation of tree shrew and primate ancestors (Figueroa et al. 1994; Kupfermann et al. 1999) . Due to the sequence similarity the DRB1 locus of tree shrews might be orthologous to the ancestral primate DRB gene. In contrast DRB2, 3 and 4 alleles could have evolved independently in tree shrews or might be more related to DRB genes that have diverged in other taxa, but have been deleted in primates.
Conclusion
This study presents data on the MHC DRB region of the northern tree shrew (T. belangeri). We provide evidence for the existence of at least four DRB loci in this species, all of which are polymorphic, but only one is transcribed. In general, we found only few indications for recombination. The transcribed locus DRB1 is highly divergent and subject to positive selection within the peptide binding region. The other three loci DRB2 to DRB4 are also polymorphic, but probably not transcribed and selection is consistently neutral.
